Background and Objectives: It is recognized that orthodontic force (OF) has an aggravating effect on the progression of destructive periodontitis if periodontitis have not been well controlled. However, the underlying mechanism is not completely clear. This study was to investigate the effect of antibiotic administration on OF-aggravated, ligature-induced experimental periodontitis in mice.
Periodontal disease is an inflammatory disease triggered by the host immune response to microorganism(s) associated with periodontal biofilm (1, 2) . It is a common chronic disease in humans, which can cause alveolar bone destruction, leading to the pathological tooth migration and occlusal trauma (3, 4) . These problems are a vicious circle that can accelerate the breakdown of periodontal supporting apparatus (5, 6) . Studies have shown that patients with advanced periodontitis can benefit from orthodontic treatment to improve their periodontal health (3, 7) . Occlusal trauma could be ameliorated by orthodontic correction of adverse occlusion and improper loading distribution (8, 9) .
However, when applying orthodontic treatment, special attention must be paid to the periodontal status of the patient who had experienced advanced periodontal breakdown. It was suggested that orthodontic movement has an aggravating effect on the progression of destructive periodontitis if periodontitis has not been well controlled (10) . The fixed orthodontic appliances may influence oral microbiota and exacerbate periodontal parameters following placement of fixed appliances (9, 11) . For example, plaque formation during orthodontic therapy increased probing depth of periodontally compromised individuals (12) . Therefore, even though it is commonly accepted that orthodontic treatment can be applied after treatments of active periodontitis (8, 13) , periodontal breakdown may still occur during orthodontic treatment if rigorous periodontal monitoring and maintenance are not achieved.
Conventional treatments of active periodontitis usually include mechanical removal of dental biofilm and local and systemic antibiotic (SA) administration (14) (15) (16) . Given the infectious nature of periodontal diseases and the limitation of conventional mechanical therapies for the treatment of some forms of periodontitis (aggressive and refractory), the use of antibiotics is often indicated in certain cases (17) . However, it is not completely clear whether the reduction of oral bacteria load by antibiotic administration affects periodontal bone resorption during tooth movement-aggravated periodontitis.
In this study, we established a mouse model to investigate the effect of SA administration on ligatureinduced experimental periodontitis in conjunction with orthodontic tooth movement.
Material and methods

Mice
Wild-type C57BL/6 mice (male, 8 wk old) from the Jackson Laboratory (Bar Harbor, ME, USA) were used in this study. All the mice used in the study were maintained in specific pathogenfree units of the Forsyth Institute Animal Facility. The mice were kept on a 12 h light/dark cycle. The experimental protocols were approved by the Institutional Animal Care and Use Committee of the Forsyth Institute. Mice were fed powder chow ad libitum for the duration of the experiment.
Animal model
Mice were divided into three groups (n = 12 animals per group). For all procedures, the mice were anesthetized with ketamine xylazine mixture (500 mg/kg ketamine, 100 mg/kg xylazine sodium) in sterile phosphatebuffered saline. On day 0, silk ligatures (SL) were tied around the maxillary right first molar in group 1, and around both first molars in groups 2 and 3. On day 8, ligatures were removed from all mice and SAs were administered through drinking water (0.85 mg/mL sulfamethoxazole and 0.17 mg/mL trimethoprim; Hi-TECH Pharmacal Co., Amityville, NY, USA) in group 3 for the remaining period of the study. On day 13 (5 d after ligature removal), orthodontic force (OF) was applied on the maxillary right first molars in groups 2 and 3 until the end of the study. Briefly, OF were applied by a 3. 
Alveolar bone loss and tooth movement by morphometric analysis
The maxilla were de-fleshed in dermestid beetle colony, bleached and stained with 1% toluidine blue solution. Maxillary images were captured with a digital stereomicroscope system on a holder to enable the visualization of the cementoenamel junction (CEJ) and alveolar bone crest. The polygonal areas palatal and mesial to the first molars were measured using IMAGE J (NIH) for each segment and a standard calibrator was used for calibration at the same magnification. The alveolar bone loss was evaluated by measuring the polygonal area as previously described (18) , which was enclosed coronally by the CEJ of the molars, laterally by the exposed mesial and distal root of the first molar, and apically by the alveolar crest. The orthodontic tooth movement was assessed by measuring the closest distance (CD) between the proximal contours of first and second molars and were presented in millimeters.
Detection of serum total IgG, gingival receptor activator of nuclear factor kappa-B ligand and osteoprotegerin by enzyme-linked immunosorbent assay
To monitor the systemic immune status before and after the treatment, peripheral blood was collected on days 0 and 20 from the mice tail vein and the serum total IgG were detected using IgG Mouse enzyme-linked immunosorbent assay (ELISA) Kit according to the manufacturer's instructions (Abcam, Cambridge, MA, USA). To determine the gingival protein level of RANKL and OPG, gingival tissues were homogenized with a Dounce glass homogenizer in RIPA buffer and proteinase inhibitor cocktail (Sigma). Gingival RANKL and OPG protein level were measured by Mouse RANKL and OPG ELISA MAXTM Standard kit (R&D Systems, Minneapolis, MN, USA) following the manufacturer's protocol.
Each sample assay was performed in duplicates and a standard curve was run with each assay. The absorbance at 450 nm was measured in a microplate reader (BioTek, Winooski, VT, USA) and the RANKL and OPG concentration (pg/mL) was calculated based on the standard curve respectively.
Histological analysis
The maxillae from the mice were fixed in 4% formaldehyde and decalcified in 0.1 M Tris + 10% ethylenediaminetetraacetic acid for 2 wk at 4°C. Paraffin-embedded samples were sectioned at 5 lm. Consecutive vertical sections were obtained from the mesial and distal-buccal roots of each first molar (n = 6 animals per group). Sections from the same positions (six to 10 sections per animal) of the roots were used for histological analysis. Tartrate-resistant acid phosphatase (TRAP) staining (387A-1KT; Sigma) was used to detect activated osteoclasts. The consecutive fields were selected in the areas from gingiva papilla to root apical between the root and alveolar bone (four to six fields per section). Each field was acquired under light microscope at objective magnification 409. The individual osteoclasts were identified at 409 magnification as multinucleated TRAP-positive (stained red) cells lining along the alveolar bone surface and was counted along the alveolar bone surface from the pressure side of the mid-third of the distal-buccal root of first molars. Data were presented as mean AE SD. To evaluate the horizontal bone resorption in vivo, hematoxylin and eosin staining was used (six to 10 sections per animal, six animals per group). To evaluate the relative height of the alveolar crest, the distance between the CEJ to the alveolar crest (D-CA) was measured in Fig. 1 . Oral bacteria load, serum total IgG measurement and animal weight monitoring. (A) On days 0 and 20, DNA was extracted from oral swabs taken from each mouse and was quantitated by real-time polymerase chain reaction. A universal 16S rRNA gene primer was used to quantitate the total oral bacteria recovered from each animal. Number of bacteria count was significantly increased when orthodontic force was applied (group 2 vs. group 1), whereas the number of bacteria count was significantly decreased when additional systemic antibiotic was administered (group 3 vs. group 2). (B) Total serum IgG levels on days 0 and 20 in all three groups of mice were quantitated by enzyme-linked immunosorbent assay. Serum total IgG levels were significantly higher in groups 2 and 3 as compared to those in group 1. However, no difference was observed between groups 2 and 3. (C) Weight of mice was monitored throughout the experimental period on days 0, 13 and 20. A stable body weight was maintained by all the three groups of mice. *p < 0.05. n = 8. micrometers by IMAGE J software. All measurements were made without previous knowledge of the group designation of the animals and the recordings were verified by a second examiner.
Quantitation of total oral bacteria DNA
On days 0 and 20, oral swabs were taken from around molar teeth and periodontal gingival surface (after the removal of close coil spring appliance on day 20) from each mouse. Samples were resolved in 200 lL of phosphatebuffered saline and DNA was extracted from each sample as previously described (19) 0 . The quantity of total bacterial DNA from each sample was extrapolated from the DNA standard curve derived from serial dilution of E. coli bacteria with known concentrations. Each experiment was carried out in duplicate and the data were obtained from all animals in each group (n = 8).
Statistical analyses
Statistical analyses were performed using a software program (SPSS v.18; IBM Corp., Armonk, NY, USA). Results are presented as means AE SD. Paired and non-paired Student's t-test were used to analyze differences within and among groups respectively. Results with p < 0.05 were considered statistically significant.
Results
Oral bacterial load, serum total IgG level and animal weight monitoring
To determine the OF and SA administration on oral bacteria load, total bacterial DNA from oral swaps were quantitated. On day 20, the number of bacteria count was significantly increased (p < 0.05) when OF was applied (group 2 vs. group 1), whereas the number of bacteria count was significantly decreased (p < 0.05) when additional SA was administered (group 3 vs. group 2) (Fig. 1A) . To evaluate the overall immune status after the treatments, serum total IgG level was measured on days 0 and 20 in each group of mice. Serum total IgG levels were significantly higher in groups 2 and 3 as compared to those in group 1 (p < 0.05). However, no difference was observed between group 2 and group 3 (Fig. 1B) . Furthermore, to ensure that animals are not chronically stressed due to the combined SL + OF + SA treatments, we have monitored the animal weight throughout the 20 d period (Fig. 1C) . There was a consistent weight gain from day 0 to 13 for all three groups of mice. The weight of the mice in groups 2 and 3 was slightly decreased on day 20 as compared to the weight on day 0 (maximum loss < 7% of initial weight), probably due to the application of orthodontic appliances and minor impediment of food intake. Overall, these data indicated that the treatments (SL, OF and SA) did not generate significant irreversible stress and metabolic variation among treated mice.
Evaluation of periodontal bone loss by two-dimensional bone morphometry
To evaluate the effects of different treatments on periodontal bone loss (PBL), the images of polygonal resorption areas palatal and mesial to the first molars were taken and were quantitatively measured (Fig. 2A) . The palatal resorption area was significantly larger on the SL side (right) compared to the control side (left) (p < 0.05) in group 1 (Fig. 2B) . The palatal resorption area was significantly larger on the SL + OF side (right) compared to the SL side (left) (p < 0.05) in group 2, whereas no such difference was observed between SL + OF side (right) and SL side (left) in group 3 when SA was administered (Fig. 2B) . Similar results were observed when resorption areas mesial to the first molars were measured, showing that the resorption area was significantly increased on the SL + OF side compared to the SL side (p < 0.05) in group 2, whereas SA administration abolished such a difference between the two sides in group 3 (Fig. 2C) .
Gingival receptor activator of nuclear factor kappaB ligand/ osteoprotegerin expressions RANKL/OPG ratio has been used to assess the severity of osteoclastogenesis (20) (21) (22) and RANKL and OPG levels were oppositely regulated in periodontitis, resulting in an enhanced RANKL/OPG ratio (23, 24) . To evaluate these responses when OF was applied during experimental periodontitis, gingival tissues around first molars were isolated and the mRNA and protein expressions were analyzed by real-time PCR and ELISA respectively. Our results showed that the gingival RANKL/OPG mRNA expression ratio was significantly increased on the SL side compared to the control side (p < 0.05) in group 1 (Fig. 3A) . The ratio was also significantly greater on the SL + OF side compared to the SL side (p < 0.01) in group 2, whereas no such difference was observed between the SL + OF side and SL side in group 3 when SA was administered (Fig. 3A) . Similarly, the gingival RANKL/OPG protein ratio was also significantly increased on the SL side compared to the control side (p < 0.05) in group 1, and on the SL + OF side compared to the SL side (p < 0.01) in group 2 (Fig. 3B) .
Histological evaluation of horizontal bone resorption
To determine the effect of OF and SA on experimental periodontitis histologically, the D-CA was measured on hematoxylin and eosin sections to assess horizontal bone resorption (Fig. 4A) . The D-CA was significantly increased in mice treated with SL compared to the control (p < 0.01), whereas animals treated with SL + OF further augmented the D-CA when compared to those treated with SL alone (Fig. 4B) . However, the D-CA was not changed between animals treated with SL + OF and those treated with SL alone when SA was administered (Fig. 4B) .
Evaluation of orthodontic forceinduced osteoclastogenesis and tooth movement
To determine the OF-induced osteoclast activity, TRAP staining were performed to evaluate multinucleated TRAP-positive cell formation from the pressure side of the mid-third of the distal-buccal root of first molars (Fig. 5A) . Our results demonstrated that the number of TRAP+ cells along the alveolar bone surface were increased on the SL side compared to the control in group 1 (p < 0.05), while a much greater number of TRAP+ cell formation (p < 0.01) was detected on the SL + OF side compared to the SL side in both groups 2 and 3, regardless of the SA administration (Fig. 5B) . To assess the extent of orthodontic tooth Fig. 3 . OF increased gingival RANKL/OPG expression ratio. (A) Gingival mRNA expressions of RANKL and OPG were detected by real-time polymerase chain reaction and their ratios were calculated. RANKL/OPG ratios were increased on the right side compared to the left side in groups 1 and 2. For all the experiments, GAPDH gene was used as internal control. (B) Gingival protein levels of RANKL and OPG were detected by enzyme-linked immunosorbent assay and their ratios were calculated. RANKL/OPG protein ratios were also increased on the right side compared to the left side in groups 1 and 2. *p < 0.05, **p < 0.01. n = 6-8. OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kappa-B ligand. movement after different treatments, the CD between the proximal contours of the first and second molars was measured in each group. There was a slight CD detected between the first and second molars when SL was applied, likely due to the impaction of SL and tooth shifting. As expected, a significant increase in CD could be noted between the first and second molars when OF was applied in group 2 (p < 0.01). A comparable level of CD increase was also observed when OF was applied in the presence of SA in group 3 (p < 0.01) (Fig. 5C ).
Discussion
In this study, we established a mouse model of orthodontic movement/ligature-induced periodontitis to determine the effect of antibiotics on PBL during OF-aggravated experimental periodontitis. Our results suggest that OF-aggravated PBL in experimental periodontitis can be abrogated by SA administration. Advantages of using mice as a model include the considerable background information on their biological system, a wide range of genetically engineered strains (e.g., gene knockouts for key receptors or signaling molecules) and availability of high-quality chemical reagents (25) . Although numerous animal studies have been carried out to investigate OF on periodontal cellular responses and bone loss under physiological conditions (26) (27) (28) (29) (30) , only a few animal studies involving orthodontic treatment in the context of periodontal disease were performed, and most of them were performed in rats but not mice (31) (32) (33) , presumably due to the technical challenges having to do with the relatively small size of the teeth and oral cavity of the mouse. To our knowledge, this is the first time a mouse model was established to investigate the potential mechanism of OF-exacerbated PBL in experimental periodontitis. Using a wide range of genetically engineered mouse strains, this model can be a useful tool for the future mechanistic investigations of orthodontic movement/periodontal diseases that are associated with specific signaling pathways.
Our data demonstrated that OF worsened the PBL when periodontitis was initiated (Fig. 2, group 2) . However, administration of SA ameliorated the OF-associated PBL (Fig. 2, group  3) , likely through the control of oral bacterial load (Fig. 1A) and the subsequent bacteria-initiated inflammatory responses (34) . Indeed, recent evidence suggested that the use of topical as well as SAs is an effective adjunct to the non-surgical periodontal treatment to suppress periodontopathogens and promote anti-inflammatory activity (35) (36) (37) . Recent studies have indicated that OF induces systemic immune responses related to monocytes and T cells (38, 39) . Our finding is consistent with these studies demonstrating the elevated levels of serum total IgG when OF was applied in groups 2 and 3 (Fig. 1B) . However, such elevation of serum IgG level was not affected by the administration of SA (Fig. 1B,  group 2 vs. group 3) . This may suggest that the observed suppression of OFassociated PBL by SA is not through direct alteration of systemic immune responses, but mostly via the reduction of oral bacteria load. So far there is no report on the systemic effects of this antibiotic on monocyte/osteoclast activities or bone metabolism. However, it has long been suggested that this antibiotic administration had no adverse effect on the immune responses, such as neutrophil and lymphocyte functions (40, 41) . A more extensive panel of serum markers of systemic inflammation is required for the definitive answer whether SA administration does not cause systemic immunological changes.
Our results showed that the OF-induced increase of TRAP+ cells within the periodontal ligament space (Fig. 5A-B ) and CD measurement (Fig. 5C) , two parameters associated with orthodontic tooth movement, were not affected by the administration of SA. These are in contrast to the results showing the reduced PBL (Fig. 2) , gingival RANKL/OPG ratio ( Fig. 3) and horizontal bone loss (Fig. 4) after SA administration.
While the induction of RANKL/ OPG ratio by bacterial load and OF were clearly demonstrated in this study, further studies are warranted to determine if other mechanisms, such as macrophage-elicited osteoclastogenesis through tumor necrosis factor-a production (42, 43) , are also contributed to the observed PBL.
These findings suggest that SA administration may reduce OF-induced pathological bone loss on alveolar bone crest in experimental periodontitis. However, it should be noted that the use of antibiotics in this study was intended for mechanistic exploration of OF-induced bone loss and the clinical implication of such use should be extremely cautioned. Orthodontic treatment may not be conducted in patients with active periodontal disease, which needs to be treated by mechanical therapies (10) . It was indicated that active periodontitis could affect the velocity of orthodontic tooth movement in a ligature-induced experimental periodontitis model in mice (44) . In addition, antibiotic therapy may have effect during its administration phase but may not prevent alveolar bone loss during the whole course of the orthodontic treatment when antibiotic treatment is ended. Furthermore, it is suggested that the slight additional benefits of adjunctive antimicrobials have to be balanced against their side effects and their prescription should be limited as much as possible (45) .
It is recognized that, in adult patients with compromised periodontal conditions, an interdisciplinary approach often offers the best option for achieving a predictable outcome to solve complex clinical problems (46) . Improvement of dental function and esthetics may be accomplished by periodontal treatment and maintenance followed by appropriate orthodontic treatment for patients who had experienced advanced periodontitis. Knowledge of the impacts of orthodontic treatment on the periodontal status of the patient and the underlying mechanisms that contribute to these effects are useful to prevent and ameliorate periodontal breakdown that might occur during the course of orthodontic treatment. Our results suggest that a reduction of oral bacterial load by antibiotic administration alleviate OFaggravated PBL. Further studies are warranted to determine if additional factors, such as host immune responses or environmental elements, also contribute to the OF-induced PBL.
In conclusion, we established a mouse model of orthodontic movement/ligature-induced experimental periodontitis to investigate the effect of orthodontic tooth movement on periodontal tissue integrity in the context of periodontitis. It may provide teamed periodontists/orthodontists an experimental platform to evaluate different regimens and procedures proposed for periodontally compromised individuals and delineate underlying mechanisms of the observed changes in response to these treatments. Fig. 5 . SA administration did not affect OF-induced osteoclastogenesis along alveolar bone surface adjacent to the periodontal space. (A) Periodontal TRAP staining under different treatment conditions. Bar = 100 lm. Direction of force is always from R to B. Individual osteoclasts were identified at 409 magnification as multinucleated TRAP-positive (stained red) cells lining along the alveolar bone surface and was counted along the alveolar bone surface from the pressure side of the mid-third of the distal-buccal root of first molars. (B) Quantitative measurement of TRAP-positive cells along the alveolar bone surface adjacent to the periodontal ligament. TRAP-positive osteoclasts were significantly increased after orthodontic force application but such an increase was not affected by the administration of antibiotics. (C) Orthodontic tooth movement was assessed by measuring the CD between the proximal contours of the first and second molars. CD measurement was increased by OF but was not changed with the administration of SA. B, alveolar bone; CD, closest distance; ND, not detectable; NS, not significant; OF, orthodontic force; P, periodontal ligament; R, root; SA, systemic antibiotics; SL, silk ligature; TRAP, tartrate-resistant acid phosphatase. *p < 0.05, **p < 0.01. n = 3-6.
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